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The bending strength of plasma sprayed Al2O3 coatings was evaluated using three-point bending tests.
The measured strength data sets were statistically analyzed by employing Weibull distribution. It was
found that the bending strength values of coatings show obvious anisotropic behavior. Additionally, the
bending strength values measured by loading parallel to the spraying direction are lower than those
antiparallel to the spraying direction, and larger variability was realized for the former. This may be
related mainly to the distribution of residual stress and microstructural defects within coatings.
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1. Introduction
Ceramic coatings produced by thermal spray tech-
niques have been extensively used for a range of industrial
applications to confer antiwear properties and erosion
resistance (Ref 1-3). In such applications, the coatings
experience intense mechanical loads, and, hence, for the
prediction of appropriate operating conditions and service
lifetime it is very useful to explore their mechanical
response, which is related to mechanical properties such as
hardness, elastic modulus, and strength of coatings.
It is well known that the deposit is built up by succes-
sive impingement of the liquid or partially melted droplets
onto substrates in thermal spray (Ref 4, 5). These process
characteristics determine the special lamellar microstruc-
ture of thermal sprayed coatings consisting of flat platelike
lamellae, weak interface between splats, interlamella
pores, and vertical cracks (intralamella cracks), which in
turn affect the mechanical behavior of coatings. In past
decades, numerous works have been reported with respect
to the microhardness and elastic modulus of thermal
sprayed ceramic coatings (Ref 6-10). It has been revealed
that the microhardness measured on the cross section of
plasma sprayed ceramic coatings by indentation technique
is always larger than that while on the top surface, indic-
ative of obvious anisotropy (Ref 6). Lin (Ref 7) and Leigh
et al. (Ref 8) have extensively studied how the microh-
ardness of thermal sprayed yttria-stabilized zirconia
(YSZ) coatings varies with regard to the measurement
direction and applied load. A recent study focusing on
the variability and distribution of microhardness within
plasma sprayed alumina coatings has pointed out that the
microhardness shows certain variability and obvious
dependence on the indenter location within through-
thickness direction due to the special lamellar structure
and microstructural defects such as pores and microcracks
(Ref 9). In our previous work, it was pointed out that the
elastic modulus of plasma sprayed Cr3C2-NiCr coatings
showed much more variability than its Knoop hardness
and high dependence on the testing conditions whether
the major diagonal of Knoop indentation is parallel or
perpendicular to the interlamellar boundaries within
coatings (Ref 10). As far as the strength of thermal
sprayed coatings was concerned, it generally refers to the
adhesion and bending strength. In contrast to the
microhardness and elastic modulus, coating strength
attracts less attention, especially for the bending strength.
To our knowledge, few studies have been done to investi-
gate the relationship between bending strength of coating
and its microstructural characteristics, as well as the frac-
ture mechanics of coating sample used for bending tests.
In the current study, an Al2O3 coating, as an example
of typical thermal sprayed ceramic deposits, was air
plasma sprayed, and its bending strength was character-
ized by three-point bending tests under different condi-
tions. Furthermore, the measured data sets were then
statistically analyzed to estimate their reliability and var-
iability and preliminarily discussed in terms of the
microstructural characteristics and residual stress distri-
bution within the coatings.
2. Experimental Procedures
The Metco A-2000 air plasma spraying system equip-
ped with an F4-MB plasma torch (Sulzer Metco AG,
Wohlen, Switzerland) was used to deposit coatings.
Commercially available fused and crushed Al2O3 powders
were used as feedstock and fed by a Twin-System 10-C
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(Plasma-Technik AG, Wohlen, Switzerland). Primary and
auxiliary plasma gases were Ar and H2. The former was
also used to act as a powder carrier gas. Detailed spraying
parameters can be found in our publication (Ref 11). As-
received powders show irregular morphology and contain
pure aAl2O3 phase. The size distribution of starting
powders is mainly in the range of 10 to 45 lm, with a
medium size, (D50), of 19.3 lm. To obtain the free-
standing samples used in this work, coatings with thick-
nesses of 3.5 to 5 mm were deposited onto an aluminum
substrate and then were removed from the substrate.
During spraying, the back of the substrate was cooled
using circulating water, while the coating surface was
cooled by compressed air.
Three-point bending tests (Instron 5566, Instron Com-
pany, USA) of the freestanding Al2O3 coatings specimens
(3 by 4 by 36 mm) were conducted with a crosshead speed
of 0.5 mm/min and a span length of 30 mm to obtain the
bending strength. In order to more comprehensively
evaluate the bending strength and its relationship with the
coating characteristics, two machining modes for the
preparation of coating specimens and three testing direc-
tions were applied, as shown in Fig. 1. Thickness of the
freestanding coating sample, controlled by deposition
time, used for machining mode ‘‘a’’ is smaller than that
used for the model ‘‘b,’’ which means the freestanding
coatings used for both models consistently suffered sur-
face and substrate grinding of 0.05 to 0.3 mm, determined
by completing grinding required. BS1, BS2, and BS3,
respectively, comprised 15 sets of experimental data,
which correspondingly represent the bending strength
values measured while the loading direction is parallel,
antiparallel, and perpendicular to the spraying direction.
Additionally, the measured data sets were analyzed by
Weibull distribution in the two-parameter form, which is
based on ‘‘the weakest link hypothesis’’ and has been
found to be suitable for describing the mechanical prop-
erties of a variety of thermal sprayed coatings (Ref 9, 12).
3. Results and Discussion
Figure 2 shows the Weibull plots of the bending
strength (BS) of plasma sprayed Al2O3 coatings measured
under different loading directions, as shown in Fig. 1. All
Weibull plots were approximate patterns of linearity,
suggesting that the BS data sets significantly followed the
Weibull distribution. Furthermore, from the statistics
analysis results for all BS data sets summarized in Table 1,
it can be seen that the smallest correlation coefficient (R)
between the measured points and the regressed line was
0.969. This value was much larger than the critical corre-
lation coefficient of 0.641, which is employed for a statis-
tical test to assess whether a data set with a sample size of
15 significantly follows a regressed line under a confidence
level of 0.99 (Ref 13).
Fig. 1 Machining modes and testing direction for the characterization of bending strength of plasma sprayed coatings
Fig. 2 Comparison of bending strength values of alumina
coatings under different loading directions
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As illustrated in Fig. 3 and Table 1, it can be concluded
that the bending strength values of the coating exhibit
obvious anisotropic behavior: bending strength values
measured by loading parallel or antiparallel to the spray-
ing direction (BS1, BS2) larger than that while loading
perpendicular to the spraying direction (BS3). This may be
attributed to the intrinsic microstructure anisotropy of
plasma sprayed coatings formed by successive overlaying
of molten or semimolten droplets (Ref 14, 15). Compared
to BS1 and BS2, the BS3 data present larger variability
reflected by a lower Weibull modulus (m) of 10.1 and a
larger variation coefficient (Vc) of 0.0999. Corresponding
to a higher Weibull modulus and smaller variation coef-
ficient, the data set studied becomes less variable (Ref 7,
10). If further analysis were conducted, it could be
concluded that the BS1 is lower than BS2, and larger
variability was realized for the former.
Prior to investigating the discrepancy between BS1 and
BS2, it is significant and necessary to analyze the bending
stress distribution and fracture mechanism for the coating
sample under the three-point bending test. It is generally
accepted that the compressive strength of a ceramic
material is much larger than its tensile strength, even up to
10 times (Ref 16). Therefore, from the viewpoint of frac-
ture analysis, the regions concentrated by tensile stress
where crack propagation and even fracture easily occur
require the preferential consideration. Figure 4 gives a
schematic view of the three-point bending test, the bend-
ing stress property (tensile or compressive), and its dis-
tribution within coating sample. According to the theory
of material mechanics (Ref 17), in the case of three-point
bending test, the bending stress and its maximum can be











where r is the bending stress (tensile or compressive); M
is the bending torque, which is related to the value of
bending load and sample dimension; y is the distance from
the middle cross section through the loading direction; Iz is
inertia torque indicating integrated effects of the shape
and dimension as for the middle cross section; and Wz is
the bending interface coefficient. Based on the previous
discussion, for the coating sample the weak region, where
maximum tensile stress concentrated while testing and the
crack propagation and eventual fracture easily occurred, is
near the surface opposite to the loading face, as seen in
Fig. 4. Hence, the discrepancy between BS1 and BS2 can
Table 1 The statistical analysis results of bending strength (BS) of plasma sprayed Al2O3 coatings measured by loading
parallel (BS1), antiparallel (BS2), and perpendicular (BS3) to the spraying direction
Denotations Average BS, MPa Correlation coefficient, R Weibull modulus, m Standard deviation, MPa Variation coefficient, Vc
BS1 163.6 0.969 11.7 13.7 0.0837
BS2 180.4 0.986 15.8 11.8 0.0654
BS3 151.2 0.969 10.1 15.1 0.0999
BS1, BS2, and BS3 are illustrated in Fig. 1









Fig. 4 Fracture analysis and stress distribution for the coating samples under three-point bending tests while loading parallel to the
spraying direction (testing BS1 as an example, P is applied load)
Fig. 3 Weibull plots of bending strength values for alumina
coatings, where Ps is the probability of survival, m is the Weibull
modulus, and R is the correlation coefficient
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be preliminarily speculated to arise mainly from the dis-
tribution of microstructural defects including pores and
microcracks and residual stress within plasma sprayed
ceramic coatings, though requiring more experimental and
theoretical analysis.
Considerable efforts have been made in recent years to
understand and predict the residual stresses that develop
during the deposition of thermally sprayed coatings
(Ref 18, 19). Residual stresses in sprayed coatings arise
from two main sources: ‘‘quenching stress’’ and ‘‘thermal
stress,’’ which, respectively, are generated as the rapid
quenching of molten droplets upon impact onto the sub-
strate with restricted contraction and when cooling the
completed deposit and substrate couple from deposition to
ambient temperature. A single residual stress value means
the stress state at a given depth below the free surface and
can be tensile or compressive, depending on the different
proportion of quenching and thermal stress. From the
results reported by Matejicek et al. (Ref 20), residual stress
of coatings, sprayed using ceramic or metal materials with
lower thermal expansivity than that of the substrate
material such as the aluminum used in this work, is less and
even may change from tensile to compressive with an in-
crease in coating thickness. Accordingly, though not pro-
viding experimental results of residual stress in the present
study, residual stress-state differences in regions near the
coating surface (weak region for achieving BS2) or sub-
strate surface (weak region for achieving BS1) to some
extent account for the difference between BS1 and BS2.
On the other hand, references in literature propose that
the droplets suffer with changed cooling rate, spreading and
flattening while impinging onto the substrate or previously
deposited splats (Ref 21, 22). At the initial stage, the molten
droplets with certain velocity and temperature impact on
the cool substrate and solidify rapidly with limited spread-
ing and flattening as a result of the high cooling rate (even
up to 106 to 107 K/s, Ref 23, 24), leading to pores, micro-
cracks, and weak interface between splats. During spraying,
the droplets encounter the previously deposited splats and
experience relatively sufficient spreading and good over-
laying by virtue of the decreased cooling rate. This may be
similar to the spraying onto the substrate with increased
surface temperature by heat treatment. Safai and Herman
(Ref 22) and Li (Ref 25) have pointed out that within-
through coating thickness direction, the microstructural
defects including pores and microcracks more easily dis-
tributed in the regions near the substrate surface. So, the
distribution of microstructural defects within plasma
sprayed ceramic coatings may be another significant factor
resulting in the lower average value and larger variability of
the bending strength measured by loading parallel to
spraying direction (BS1) compared with BS2.
4. Conclusions
In summary, the bending strength of plasma sprayed
Al2O3 coatings was evaluated and the measured strength
data sets were statistically analyzed. It was found that the
bending strength of coatings exhibits obvious anisotropic
behavior. Furthermore, the bending strength values mea-
sured by loading parallel to the spraying direction (BS1)
are lower than that obtained while loading antiparallel to
the spraying direction (BS2). The former also shows larger
variability. Based on the fact that during the bending test,
the crack propagation and eventual fracture easily occur
near the surface opposite to the loading surface where
maximum tensile stresses concentrate, the discrepancy
between BS1 and BS2 may mainly be attributed to the
distribution of residual stress and microstructural defects
within the coatings, meanwhile requiring more experi-
mental and theoretical work.
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